Keywords: mechanical stress/hypergravity/osteoblasts/alkaline phosphatase/osteocalcin/CAMP ABSTRA CT. The exposure of freshly isolated osteoblasts and osteoblast-like cells to high-level hypergravity caused the inhibition of cell growth, elevation of CAMPcontent, and the stimulation of differentiated functions such as alkaline phosphatase activity, collagen synthesis, and osteocalcin synthesis. Blockage of elevation of CAMPby SQ22536, an inhibitor of adenylate cyclase, resulted in the inhibition of the hypergravity-stimulated alkaline phosphatase activity, indicating that CAMPis the intracellular mediator of this action of hypergravity. H89, an inhibitor of CAMP-dependent protein kinase (PKA), further inhibited the cell growth that was already inhibited by the hypergravity, and further stimulated the alkaline phosphatase activity that was already stimulated by hypergravity.
ABSTRA CT. The exposure of freshly isolated osteoblasts and osteoblast-like cells to high-level hypergravity caused the inhibition of cell growth, elevation of CAMPcontent, and the stimulation of differentiated functions such as alkaline phosphatase activity, collagen synthesis, and osteocalcin synthesis. Blockage of elevation of CAMPby SQ22536, an inhibitor of adenylate cyclase, resulted in the inhibition of the hypergravity-stimulated alkaline phosphatase activity, indicating that CAMPis the intracellular mediator of this action of hypergravity. H89, an inhibitor of CAMP-dependent protein kinase (PKA), further inhibited the cell growth that was already inhibited by the hypergravity, and further stimulated the alkaline phosphatase activity that was already stimulated by hypergravity.
If CAMPacts through the PKAsystem, H89 should have blocked the changes in cell function effected by the exposure to hypergravity. Therefore the elevated intracellular CAMP by the exposure of hypergravity caused the changes in cell function by a PKA-independent pathway.
Observations indicate that mechanical stresses exert profound effects on cell growth and differentiation (34) .
The loading of shear stress (5, 26) or stretching force (ll, 14, 19 ) induces a number of morphological, physiological, and biological changes in many kinds of cells. Gravitational alteration also influences the metabolism ofavarietyofcells (8, 15, 17, 21, 22, 28, 32, 33) . Bone is one of the organs that is sensitive to gravitational alteration. Microgravity generated by space flight is knownto decrease the bone density of astronauts (18).
Morphological study has shown that microgravity caused a reduction in bone formation without affecting bone resorption (7) . In cell culture experiments, the growth of osteoblasts was inhibited under the microgravitational condition of space flight (12) . In addition, microgravity generated by parabolic flight also brought about a decrease in the cell area of osteoblasts (9) . These results suggest that microgravity affects the growth and differentiation of osteoblasts. However, few investigations have been done on the effect of hy- Preparation of freshly isolated osteoblasts from neonatal mousecalvaria Freshly-isolated osteoblasts were obtained from neonatal mouse calvaria (30). Briefly, the calvaria isolated from neonatal mice (2-3 days after birth) were digested with 1% collagenase and 0.1% dispase for 5 min. This procedure was repeated 6 times, and the cell suspensions obtained from the supernatants of the 3rd to 6th digestions were collected and pooled. After the cell suspension had been washed twice with medium by centrifugation (3,000 rpm, 5 min), 106 cells were inoculated into 60-mm plastic dishes containing MEMsupplemented with 10% FCS. After having reached confluence, the cells were dispersed with 0.25% trypsin containing 0.002% EDTA,and 5x 105 cells were incubated in a 60-mmplastic dishes at 37°C for 60 min. The adherent cells were used for the experiments.
Loading hypergravity
Cells were seeded into 6-well plastic plates (Falcon) at density of 105 cells/well and incubated overnight (24 h) in a CO2in-cubator. After incubation, each plate was sealed with a sufficient amount of 95% air and 5%CO2gas with a vinyl sheet. For hypergravity loading, the sealed plates were centrifuged for appropriate times in an incubator the temperature of which was maintained at 37°C while the rotor was in operation. For control experiments, sealed plates were stood in the same incubator at 37°C for an identical length of time. After that, the vinyl sheet was removed and the plates were transferred to the CO2 incubator and incubated further to determine the cell growth and the change in selected differentiated functions.
Determination of collagenase-digestible protein (CDP)-synthesizing activity The synthesizing activity for CDPwas determined by the method of Diegelmann and Peterkofsky (6) . Briefly, the cells were subjected to hypergravity (60 G) for 2 h and transferred to CO2incubator and incubated for a further 24 h. The cells were labeled with L-[2,3,3H]-proline (185 kBq) for the final 4h of the culture period and then were washedtwice with PBS(-) and scraped into PBS(-). The protein was precipitated with TCA(final concentration of 5%), washed twice with 5% TCA, twice with ethanol-ether (3:1), once with absolute ether, and finally dried. The dried samples were reconstituted in 0.1 M HEPES buffer (pH 7.4) supplemented with 5 mMCaCl2. Aliquots of reconstituted samples were digested with 50 fig/m\ collagenase type VII at 37°C for 120 min in a water bath. The reaction was stopped by the addition of 5% TCAcontaining 0.25% tannic acid, and the supernatant was counted for CDP. The precipitates were dissolved in SOL-UENR-350 (United Technologies, Packard, IL, USA), and were counted as non collagen-digestible protein (NCP).
Determination of osteocalcin content
The cells were subjected to various degrees of hypergravity (40, 60 and 80 G) for 1 h in serum-free F12 medium containing 0.1% BSA with or without la,25-(OH)2D3 (10~8 M) and incubated an additional 24 h. The mediumwas then collected and centrifuged for 5 min at 12,000 rpm. The content of osteocalcin in the supernatant was determined by commercial radioimmunoassay kit.
Determination of CAMPcontent
To determine the magnitude-dependency, the cells were subjected to hypergravity (40, 60 and 80G) for 1 h and incubated an additional 24 h. The mediumwas then replaced with 0.5 ml of fresh serum-free F12 medium containing 1 mMisobutylmethylxanthine (IBMX) with or without recombinant human PTH1"34 (parathyroid hormone), and incubation was continued for 10 min. After incubation, 0.8 ml of absolute ethanol was added to each well, and the cells were scraped with a rubber policeman. The supernatant obtained by centrifugation was lyophilized for the determination of CAMP content by the use of the enzyme immunoassay kit.
To determine the progressive changes of the increase in CAMPcontents, the cells were subjected to hypergravity (60 G) for 1 h and incubated further 24 h. The culture was stopped at appropriate intervals to determine the CAMPcontents.
RESULTS
Effect of hypergravity on cell growth and alkaline phosphatase activity of ROS17/2.8 cells and freshly isolated osteoblasts Hypergravity (60 G) inhibited cell growth and activated alkaline phosphatase activity by 24 hr after a 1 hr treatment of ROS17/2.8 cells with it ( Fig. 1) . The inhibition of cell proliferation and the stimulation of alkaline phosphatase activity of freshly isolated osteoblasts were first detected at 6 h and 24 hr, respectively, after
Effect of various levels of hypergravity on cell growth and alkaline phosphatase activity of ROS17/2.8 cells Inhibition of cell growth and stimulation of alkaline phosphatase activity by the exposure to high-level hypergravity were dependent on the magnitude of the hypergravity (Fig. 3) .
Effect of loading time of hypergravity on cell growth and alkaline phosphatase activity of ROS17/2.8 cells ROS17/2.8 cells were subjected to hypergravity (60 G) for various periods of time, incubated for 24 hr, and then assessed for cell growth and alkaline phosphatase Effect of hypergravity on cell growth and alkaline phosphatase activity of ROS17/2.8 cells. ROS17/2.8 cells were subjected to hypergravity (60 G) for 1 hr followed by subsequent incubation in CO2incubator and the cultures were teminated at appropriate intervals to determine the cell growth (a) and alkaline phosphatase activity (b). # control culture, O> hypergravity-loaded culture. Each point represents the mean of six replicate cultures± standard error. At those points without vertical lines, the standard error was sufficiently small so as not to exceed the boundaries of the graphic representation of the point. * p<0.005 vs. control, ** p<0.05 vs. control.
pergravity time-dependently inhibited cell growth and stimulated alkaline phosphatase activity (Fig. 4) .
Stimulative effect of hypergravity on the synthesis of collagenase-digestible (CDP) and non collagenase-digestible protein (NCP), of ROS17/2.8 cells The hypergravity treatment stimulated the synthesis of both CDP and NCP, resulting the increase of total protein synthesis (Table I ). The ratio of CDP-synthesizing activity against total protein-synthesizing activity {% CDP) was also increased (Table I) .
Stimulative effect of hypergravity on synthesis of osteocalcin by ROS17/2.8 cells Loading of hypergravity for 1 hr caused an increase in the osteocalcin content of both control and la,25-(OH)2D3-treated cells magnitude dependency (Fig. 5 ).
Increasing effect of hypergravity on CAMPcontent of ROS17/2.8 cells and inhibitory effect of SQ22536 on the hypergravity-induced increase in alkaline phosphatase activity The increase of CAMPcontents of ROS17/2.8 cells was first detected at 6 h after exposure to high level of hypergravity (60 G) for 1 h and was maintained by 24 h (Table II) . The stimulatory effect of hypergravity was magnitude-dependent in the culture of both control and PTH-treated culture (Fig. 6) . Pretreatment of the cells with the adenylate cyclase inhibitor, SQ22536, for 10 min before the hypergravity treatment inhibited the hypergravity-induced increase in CAMP content, as well as that in alkaline phosphatase activity (Fig. 7) .
Effect of A-kinase (CAMP-dependent protein kinase)
inhibitor on cell growth and alkaline phosphatase activity H89 (A-kinase inhbitor) was added to the medium after ROS17/2.8 cells had been subjected to hypergravity. H89 itself had an inhibitory effect on the cell growth and a stimulatory effect on the alkaline phosphatase activity in control cultures, and it dose-dependently potentiated the hypergravity-induced inhibition of the cell growth and stimulation of the alkaline phosphatase activity (Fig. 8 ).
DISCUSSION
In this study, we examined the effect of hypergravity on Effect of hypergravity on the cell growth and alkaline phosphatase activity of freshly isolated osteoblasts. Freshly isolated osteoblasts from neonatal mouse calvaria were subjected to hypergravity (60 G) for 1 hr followed by subsequent incubation in a CO2incubator; and the cultures were then stopped at appropriate intervals to determine the cell growth (a) and alkaline phosphatase activity (b). # control culture, O hypergravity-loaded culture. Eachpoint represents the meanof six replicate cultures ± standard error. At those points without vertical lines, the standard error was sufficiently small so as not to exceed the boundaries of the graphic representation of the point. * p<0.005 vs. control, ** p<0.025 vs. control.
the differentiated functions of osteoblasts and evaluated the mechanismwhereby alteration of the cell function occurred. Exposure of osteoblasts to low-level hypergravity was already known to inhibit alkaline phosphatase activity and to stimulate cell proliferation (20), but their mechanisms were not fully understood. Exposure to high-level hypergravity would be expected to induce more potentiated effects than those of low-level hypergravity. Therefore we subjected osteoblasts to a high-level hypergravity to analyze the mechanismof the effects of hypergravity in detail. Unexpectedly, the high-level hypergravity caused the stimulation of alkaline phosphatase activity and inhibi- Time (min) for exposure of hypergravity (60G) Fig. 4 . Effect of loading time of hypergravity on cell growth and alkaline phosphatase activity of ROS17/2.8 cells. ROS17/2.8 cells were subjected to hypergravity (60 G) for various periods of times and incubated for 24 hr. Thereafter, the cell number (å ) and alkaline phosphatase activity (å¡) were determined. Values represent the mean± standard error (n=6). * p<0.01 vs. control. High-level hypergravity also brought about an increase in osteocalcin synthesis, a specific marker product of HH non-treated CZU 1,25(OH)2D3-treated (10"8M) control 40 60 80
Level of hypergravity (G) level of hypergravity on the differentiated function and cell growth were quite contrary to the effects of lowlevel hypergravity on MC3T3E1cells (20) (i.e. , inhibition of alkaline phosphatase activity, stimulation of cell proliferation). The reason why such a discrepancy exists is not known, but preliminary experiments confirmed that low-level hypergravity (2 G) inhibited alkaline phosphatase activity and stimulated cell proliferation of ROS17/2.8 cell (data not shown). Therefore, ROS17/2.8 cells may respond differently to the different levels of hypergravity. Such bidirectional effects were obtained in cultures of osteoblasts exposed to stretching force (2). A high level of strain produced increases in cell proliferation, prostaglandin synthesis, and CAMPproduction and decreased in alkaline phosphatase activity and collagen synthesis. In contrast, at a lower level of strain, alkaline phosphatase activity and protein synthesis were stimulated while cell proliferation was reduced. Therefore, the difference in osteoblastic response to different magnitudes of a mechanical stresses may be a commonphenomenonirrespective of the type of mechanical stress. * p<0.05, ** p<0.01 vscontrol ROS17/2.8 cells were exposed to high level of hypergravity (60 G) for 1 hr and incubated further 24hr in CO2 incubator at 37°C. The CAMPcontents were determined at 0, 6, 12 and 24 hr after expos- The increase of CAMP contents was first observed at 6 h after exposure to hypergravity and maintained by 24 h, suggesting that hypergravity brought the activation rather than increased synthesis of adenylate cyclase or other related proteins.
Previous increase of CAMP contents from 6 to 24 h was necessary for the changes of cell functions, because the inhibition of cell proliferation and the stimulation of alkaline phosphatase activity were observed at 24 h after exposure to hypergravity in the culture of ROS17/2.8 cells. Stimulatory effect of hypergravity was magnitude-dependent. Parathyroid hormone (PTH) increased the CAMPcontent in control cells, and the PTH response was still seen after exposure to hypergravity, suggesting that the action site of hypergravity and PTh was different.
To confirm whether the increase in CAMPcontrols the differentiated function of ROS17/2.8 cells, we applied SQ22536, an inhibitor of adenylate cyclase, before the exposure to hypergravity.
Treatment with SQ22536 concomitantly suppressed the elevation of CAMPcontent and alkaline phosphatase activity induced by the high-level hypergravity, suggesting that CAMPwas the intracellular mediator for the stimulating effects of the hypergravity on the differentiated function. In fact, direct addition of dibutyryl CAMP into the medium completely mimicked the effects of hypergravity, i.e., inhibition of cell growth and stimulation of alkaline phosphatase activity (data not shown). Several reports indicated that the elevation of intracellular CAMP due to mechanical stresses comes from increased production of prostaglandins (1, 13). However, addition of indomethacin, an inhibitor of cyclooxygenase, into the medium had no effect on cell growth and alkaline phosphatase activity under the Fig. 8 . Effect of H89, a PKA inhibitor, on cell growth and alkaline phosphatase activity. ROS17/2.8 cells were subjected to hypergravity for 1 hr and incubated further for 24 hr with or without various amounts of H89, after which the cell number and alkaline phosphatase activity were determined. Values represent the mean ± standard error (n=6). hypergravitational circumstance (data not shown). In addition, conditioned medium obtained from the hypergravity-loaded culture did not inhibit cell growth or stimulate alkaline phosphatase activity (data not shown). These results showed that exposure to highlevel hypergravity did not produce some soluble substance to stimulate CAMP synthesis, such as prostaglandins. Therefore, hypergravity itself directly affects the adenylate cyclase system to stimulate the CAMP synthesis, with the consequence of inhibition of cell growth and stimulation of alkaline phosphatase activity. In general, CAMPtranslates external signals by the activation of CAMP-dependent protein kinase (PKA), hence, an inhibitor of PKAwould be expected to block the differentiated function stimulated by the exposure of high level of hypergravity if this pathway is operative. H89was generally accepted as the strong and specific inhibitor of PKA(3) and widely used in many experiments (10, 16, 23, 25, 29) . However, H89 further inhibited the cell growth that was already inhibited by the exposure to hypergravity, and further stimulated alkaline phosphatase activity that was already stimulated by it. In control cultures, H89 also inhibited the cell growth and stimulated the alkaline phosphatase activity dose dependently. These results were just opposite to our expectations and showedthat CAMP stimulated the differentiated function and inhibited cell growth by some PKA-independent pathway. The reason why H89 potentiated the effects of hypergravity is not knownat present. In olfactory receptor cells, adenylate cyclase was activated by the binding of odorants to specific receptors and resulted in an increase in intracellular CAMP.Increased CAMPdirectly affects the conductance to initiate the depolarizing response of the plasma membrane without the commitment of PKA (24). Such a system may exist in ROS17/2.8 cells.
Mechanical deformation of murine osteoblasts brought about the dual elevation of intracellular CAMPand inositol phosphates (27), suggesting that the PKCpathway was enhanced by mechanical stresses.
Therefore, the changes of CAMP system observed in our experiment may be a part of signal transducing systems altered by the exposure to high-level hypergravity. Weneed to investigate other signal transducing systems and the cross talk between them. Even if CAMPacts as a second messenger for the effects of the hypergravity, the CAMPsystem is likely to be downstream from the initial mechanoreception events. Mechanoreceptors that respond to hypergravity are not knownat present. Recent studies demonstrated that interaction of integrins with matrix proteins provoked various changes in cellular proliferation, differentiation, and function (4, 35) . In addition, interaction of osteoblastic cells with matrix proteins was shown to play an important role in the regulation of osteoblastic differentiation (3 1). Therefore, the attachment of osteoblastic cells to matrix proteins and subsequent changes in the cytoskeleton may be the initial events evoked by the exposure to hypergravity. In conclusion, exposure of osteoblastic ROS17/2.8 cells to high level of hypergravity brought about the inhibition of cell growth and stimulation of differentiated function such as alkaline phosphatase activity, collagen synthesis, and osteocalcin synthesis. Elevated intracellular CAMPinduced by such exposure was Differentiation and cell surface expression of transforming growth factor-/3 receptors are regulated by interaction with matrix collagen in murine osteoblastic cells. J. Biol. Chem., 271:
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